This report describes a mutant of Listeria monocytogenes strain 10403S (serotype 1/2a) with a defective response to conditions of high osmolarity, an environment that L. monocytogenes encounters in some readyto-eat foods. A library of L. monocytogenes clones mutagenized with Tn917 was generated and scored for sensitivity to 4% NaCl in order to identify genes responsible for growth or survival in elevated-NaCl environments. One of the L. monocytogenes Tn917 mutants, designated strain OSM1, was selected, and the gene interrupted by the transposon was sequenced. A BLAST search with the putative translated amino acid sequence indicated that the interrupted gene product was a homolog of htrA (degP), a gene coding for a serine protease identified as a stress response protein in several gram-positive and gram-negative bacteria. An htrA deletion strain, strain LDW1, was constructed, and the salt-sensitive phenotype of this strain was complemented by introduction of a plasmid carrying the wild-type htrA gene, demonstrating that htrA is necessary for optimal growth under conditions of osmotic stress. Additionally, strain LDW1 was tested for its response to temperature and H 2 O 2 stresses. The results of these growth assays indicated that strain LDW1 grew at a lower rate than the wild-type strain at 44°C but at a rate similar to that of the wild-type strain when incubated at 4°C. In addition, strain LDW1 was significantly more sensitive to a 52°C heat shock than the wild-type strain. Strain LDW1 was also defective in its response to H 2 O 2 challenge at 37°C, since 100 or 150 g of H 2 O 2 was more inhibitory for the growth of strain LDW1 than for that of the parent strain. The stress response phenotype observed for strain LDW1 is similar to that observed for other HtrA ؊ organisms, which suggests that L. monocytogenes HtrA may play a role in degrading misfolded proteins that accumulate under stress conditions.
under adverse conditions such as low pH, refrigeration temperatures, and high osmolarity, often present in ready-to-eat meat products (6, 7, 15) . Therefore, specific hurdles used in ready-to-eat foods to limit the growth of many food-borne pathogens may not adequately control L. monocytogenes growth. Furthermore, the ability of pathogens to overcome stressful conditions is of particular food safety interest, because exposure to hostile environments frequently provides crossprotection against additional stresses (2, 6, 26, 29, 30) . In Salmonella enterica serovar Typhimurium, for example, acid adaptation provides resistance to salt and heat stress (20) . In addition, starvation can induce a general stress response in Enterococcus faecalis, allowing enhanced survival under conditions of heat, ethanol, osmotic, and oxidative stress (30) . A primary concern is whether the food environments that stimulate a stress response in pathogens also increase the infectivity of those organisms, either by inducing virulence genes or by aiding survival in the gastrointestinal tract or during invasion of eukaryotic cells. Indeed, several studies with L. monocytogenes imply a link between stress response and virulence (40, 44) .
Stressful environments may result in deleterious protein effects such as misfolding and damage in stressed bacteria. One way in which Listeria adapts to stresses such as salt and cold is by the uptake and accumulation of small molecules called compatible solutes (1) . These protective solutes relieve the damaging effects of stress by maintaining turgor, increasing the free water content of cells, and perhaps additionally increasing the hydration of molecule surfaces to allow for proper protein conformation (16) . Two compatible solutes, carnitine and gly-cine betaine, are commonly present in food and may provide L. monocytogenes with some protection in that environment (39) . However, under some stress conditions, compatible solutes alone are insufficient to alleviate the negative effects of stress, and therefore cells must utilize additional mechanisms to survive or adapt.
An understanding of how L. monocytogenes is able to survive high salt concetrations and low temperatures might point to strategies for controlling this organism in foods. The present study characterizes a L. monocytogenes mutant unable to grow at elevated salt concentrations. This mutant also has a reduced capacity to grow at high temperatures and a reduced tolerance to heat shock and H 2 O 2 challenge.
MATERIALS AND METHODS
Strains, plasmids, and growth conditions. Escherichia coli DH5␣ was obtained from GIBCO BRL (Rockville, Md.). L. monocytogenes strains 10403S (serotype 1/2a) and DP-L910 (10403S carrying the pLTV3 plasmid) (5) were gifts from Daniel Portnoy (University of California, Berkeley). Other strains constructed during the course of this study are described below. Plasmid pLTV3 (5) harbors the Tn917 transposon, the ColE1 origin of replication, the temperature-sensitive pE194ts gram-positive origin of replication, and genes encoding resistance to tetracycline, erythromycin and lincomycin, kanamycin, and chloramphenicol. The Tn917 transposon present on pLTV3 shows a high degree of random transposition in the L. monocytogenes chromosome, although there may be preferred "hot spots" (5) . Plasmid pCON-1 is a shuttle vector (3), kindly provided by Nancy Freitag (Seattle Biomedical Research Institute, Seattle, Wash.). Plasmid pLW1 was created by PCR amplification of the chromosomal htrA gene using primers htrA2 (5Ј-CGCGGATCCGACCGA ATGAAAGGTCATATT-3Ј) and htrA3 (5Ј-GCGGGATCCACCCTCTTTTTCAAGAGAATG-3Ј). The PCR product included the htrA gene as well as 444 nucleotides upstream of the predicted translational start codon and 19 nucleotides downstream of the translational stop codon. BamHI sites introduced by the primers (underlined in the primer sequences) were used to clone the PCR product into the unique BamHI site of pCON-1, creating pLW1. Sequencing confirmed that the htrA gene sequence on pLW1 was identical to the sequence of the strain 10403S chromosomal htrA gene.
Brain heart infusion (BHI) (Difco Laboratories, Detroit, Mich.) and LuriaBertani (LB) broth (35) were used as complex media for growth of L. monocytogenes and E. coli, respectively, and Pine's defined medium with 0.5% added glucose as a carbon source (31) was used for several L. monocytogenes phenotypic studies. Where indicated, supplements were added to growth media to achieve the following final concentrations: 1 g of erythromycin ml Ϫ1 , 25 g of lincomycin ml Ϫ1 , 12.5 g of tetracycline ml Ϫ1 , 10 g of chloramphenicol ml Ϫ1 , 20 g of kanamycin ml Ϫ1 , and 1 mM glycine betaine. Mutagenesis of strain 10403S. Mutagenesis of 10403S with pLTV3 was performed essentially according to the method of Camilli et al. (5) . Specifically, a single colony of strain DP-L910 was grown in BHI plus erythromycin, lincomycin, and tetracycline to stationary phase at 30°C (permissive temperature); then it was diluted into fresh BHI plus erythromycin and lincomycin and grown at 40°C (nonpermissive temperature) to stationary phase. Cultures were plated onto BHI-plus-erythromycin-and-lincomycin agar plates and incubated at 37°C. Colonies resistant to the antibiotics were patched onto a second BHI-plus-erythromycin-and-lincomycin agar plate and incubated at 37°C. This plate served as the master for replica plating onto the following media: Pine's medium plus 4% NaCl, erythromycin, and lincomycin (37°C); Pine's medium plus 4% NaCl, glycine betaine, erythromycin, and lincomycin (37°C); and BHI plus erythromycin, lincomycin, and tetracycline (30°C). Once a salt-sensitive mutant was selected, chromosomal DNA was isolated, and Southern blot analysis using a 32 P-labeled transposon probe confirmed a single Tn917 insertion in the chromosome.
Sequencing of the gene interrupted by Tn917. The DNA flanking the transposon insertion was sequenced according to the method of Camilli et al. (5) . The unique XbaI site in pLTV3 allows excision of part of the plasmid along with a segment of the flanking genomic DNA. To this end, genomic DNA was isolated from strain OSM1 by the method of Flamm et al. (9) , digested with XbaI, and self-ligated to form plasmid pOSM1. The ligated DNA was chemically transformed into the E. coli cloning strain DH5␣ according to the manufacturer's instructions, and kanamycin-resistant (Km r ) transformants were selected. Plasmid DNA was isolated from a transformant and sequenced.
Two PCR strategies were employed, using OSM1 genomic DNA as the template, in order to sequence the entire gene interrupted by Tn917. The first protocol (33) used a primer that annealed to a known sequence of the gene (obtained from pOSM1) to amplify single-stranded products of various lengths, which were subsequently C-tailed with terminal transferase (Roche Molecular Biochemicals, Mannheim, Germany). The C-tailed products were used as templates in a second PCR with a nested primer that annealed to the 3Ј end of the gene (obtained from pOSM1) and a poly(G) primer for annealing to the C-tailed end. In the second PCR protocol, a single primer that annealed to a known region of the gene was used with a low annealing temperature to allow specific priming as well as nonspecific priming at other locations on the genome. For both procedures, the PCR products of various lengths were isolated from agarose gels and cloned into the pGEM-T Easy vector (Promega Corporation, Madison, Wis.), and the inserts were sequenced with an ABI Prism 3700 DNA analyzer (Perkin-Elmer Applied Biosystems, Foster City, Calif.). The combination of these two strategies allowed complete sequencing of the gene interrupted by Tn917. Homolog searches were performed using the BLAST programs provided by the National Center for Biotechnology Information. Protein homologs were aligned with the amino acid sequence predicted from the L. monocytogenes open reading frame (ORF) by using the ClustalW alignment program (43) . The locations of the htrA genes in the sequenced genomes of L. monocytogenes strains EGD-e (11) and F2365 (The Institute for Genomic Research, Unfinished Microbial Genomes; www.tigr.org/tdb/ufmg/) and Listeria innocua strain CLIP 11262 (11) were analyzed by using the bioinformatics tools Artemis (34) and ACT (The Sanger Institute; http://www.sanger.ac.uk/Software/ACT).
Creation of the htrA deletion strain. To create strain LDW1, the htrA gene from pLW1 was first cloned into the unique BamHI site of pUC19, resulting in plasmid pLW2. This plasmid was then sequentially digested with the restriction enzymes SwaI and PacI, removing 1,019 nucleotides of the htrA gene that corresponded to amino acids 8 to 348 of the translated protein. After digestion, the ends were filled in by using T 4 polymerase (Invitrogen, Carlsbad, Calif.) and dephosphorylated by using shrimp alkaline phosphatase (U.S. Biochemicals, Cleveland, Ohio). Ten-base-pair PmeI linkers (New England Biolabs, Beverly, Mass.) were ligated into the blunt ends, creating an htrA gene with a PmeI site replacing approximately 1 kb of the interior region of the gene. The resulting plasmid, pLW3, was digested with BamHI, and the deleted htrA gene was cloned back into the pCON-1 shuttle vector. This plasmid, pLW4, was introduced into the wild-type strain 10403S. An allelic-exchange protocol (10) was utilized to replace the wild-type htrA gene on the chromosome with the deleted htrA gene. The resulting strain LDW1 was unable to grow on BHI-plus-5% NaCl agar plates. In addition, PCR confirmed that the wild-type htrA gene was no longer present on the chromosome of strain LDW1 but had been replaced by the deleted htrA allele.
Phenotypic characterization assays. Growth assays were conducted as follows. A single colony was used to inoculate 2 to 5 ml of either Pine's or BHI medium plus the appropriate antibiotics and was grown at either 30 or 37°C overnight with shaking (150 rpm). The cultures were diluted 1:100 into fresh medium prepared with the indicated concentrations of NaCl and antibiotics where appropriate. Cultures were shaken continuously (150 rpm) at the indicated temperature, and optical density readings at 600 nm were taken to measure the growth of the cultures. Where appropriate, growth rates (expressed as doublings per hour) were calculated for exponentially growing cells by using the linear portion of the plotted growth curves. When comparisons of growth rates are discussed, the growth rates were calculated from the same time points for the cultures in question.
To test the response to heat shock conditions, overnight cultures were grown in BHI medium at 30°C. The cultures were then diluted 1:100 into 10 ml of BHI and shaken continuously at 30°C. Growth was measured by optical density at 600 nm, and once the cultures had reached approximately mid-log phase (optical density, 0.4 to 0.6), samples were removed and plated on BHI agar for determining CFU per milliliter. The cultures were then immediately shifted to incubators preequilibrated to 52°C. Samples were removed from the cultures for the next 4 h and plated on BHI agar. After incubation of the plates at 30°C for 24 to 48 h, colonies were enumerated to calculate CFU per milliliter.
To test for H 2 O 2 sensitivity, overnight stationary-phase cultures of strains 10403S and LDW1 were diluted 1:100, and 150 l of each dilution was spread onto BHI agar plates to generate a lawn. A 5-l portion of sterile water containing either 100 or 150 g of H 2 O 2 (Sigma Chemical Co., St. Louis, Mo.) was added to filter disks placed on the spread plate. After overnight incubation at 30 or 37°C, the diameters of the zones of inhibition were measured in millimeters.
Nucleotide sequence accession number. The 1,629-bp ORF sequenced in this study was submitted to GenBank and assigned accession number AYO49084. 
RESULTS
Isolation of an L. monocytogenes mutant with increased sensitivity to NaCl. Plasmid pLTV3 carrying Tn917 was used to mutagenize the chromosome of L. monocytogenes strain 10403S. The resulting Tn917 mutants were scored for the inability to grow on Pine's solid medium plus 4% NaCl with or without 1 mM glycine betaine. Since glycine betaine can serve as an osmoprotectant for L. monocytogenes (1, 16) , allowing the organism to withstand conditions of high osmolarity, it was included in the screening medium to detect mutations that could not be suppressed by this compatible solute. Of the 1,000 colonies screened, three mutants showed an increased sensitivity to 4% NaCl. However, two of these mutants could grow on the 4% NaCl plate when glycine betaine was included in the medium, indicating that glycine betaine could rescue the saltsensitive phenotype in these strains. One mutant, called OSM1, was unable to grow with 4% NaCl in the presence or absence of glycine betaine and was selected for further characterization. Southern blot analysis confirmed a single copy of the transposon on the chromosome of OSM1 (data not shown).
To confirm the salt-sensitive phenotype of the OSM1 mutant, both OSM1 and the wild-type 10403S strain were grown at 37°C in Pine's defined broth medium with three different concentrations of NaCl (Fig. 1) . The two strains grew at comparable rates in Pine's broth with 1.8% NaCl. When 3% or 4% NaCl was added to the medium, the growth rate of the wildtype strain was 18 or 6%, respectively, of the wild-type growth rate observed with 1.8% added NaCl. In contrast, strain OSM1 grew slowly for the first 3 h in the presence of 3 or 4% added NaCl and then showed no growth for the next 5 h. The inability of strain OSM1 to sustain growth suggested that strain OSM1 was more sensitive than the wild-type strain to increased concentrations of NaCl.
Although glycine betaine is a powerful osmoprotectant for listeriae, it did not alleviate the OSM1 growth defect on solid medium with added NaCl. To test whether glycine betaine could rescue the salt-sensitive phenotype of the mutant in a liquid medium, 1 mM glycine betaine was added to Pine's medium, and the growth of strains 10403S and OSM1 were compared in the presence of 4% NaCl (Fig. 2) . As a control, it was first established that glycine betaine had no effect on the growth of strains 10403S and OSM1 in Pine's medium when no NaCl was added, indicating that glycine betaine had little or no stimulatory growth effect in the absence of salt stress (data not shown). When 4% NaCl was included in the growth medium, the addition of 1 mM glycine betaine resulted in a 10.8-fold increase in the growth rate of 10403S over that in medium without glycine betaine, thus demonstrating the ability of this osmoprotectant to overcome conditions of high osmolarity (Fig. 2) . The mutant strain OSM1 was unable to grow in Pine's medium when 4% NaCl was included in the growth medium, but the addition of glycine betaine stimulated a slow rate of growth for strain OSM1. These data suggested that glycine betaine could partially alleviate the salt-sensitive phenotype of strain OSM1 in liquid medium. However, the growth rate of strain OSM1 in the presence of 4% added NaCl and 1 mM glycine betaine was only 7% that of the 10403S parent strain under the same conditions. Additionally, the mutant strain had a much lower optical density than strain 10403S after 24 h of incubation. These results indicated that the addition of glycine betaine was not able to completely suppress the salt-sensitive phenotype of OSM1, since the growth rate of the mutant was not restored to wild-type levels.
The gene disrupted by Tn917 in strain OSM1 encodes a homolog of HtrA. The gene interrupted by the Tn917 integration was sequenced. A BLAST search revealed that the interrupted gene encoded a protein homologous to HtrA, a serine protease identified in both gram-negative and gram-positive bacteria. The genomic sequences of L. monocytogenes strains FIG. 1. Effects of NaCl on growth of L. monocytogenes strains 10403S and OSM1. Strains 10403S and OSM1 were grown at 37°C in Pine's defined broth with varying concentrations of NaCl. Growth was measured by optical density at 600 nm. Growth curves represent the average optical density from two or more individual growth assays. Error bars, standard deviations among the growth assays. Solid symbols, 10403S; open symbols, OSM1. Squares, 1.8% NaCl; triangles, 3% NaCl; circles, 4% NaCl.
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L. MONOCYTOGENES htrA IS A STRESS RESPONSE GENE 1937 EGD (serotype 1/2 a) and F2365 (serotype 4b) were examined and compared with the nucleotide sequence of the htrA gene from strain 10403S. Alignment of these three htrA gene sequences revealed that the genes were approximately 98% identical at the nucleotide level. The htrA sequence from the completed genome sequence of L. innocua strain CLIP 11262 was also examined. The L. innocua htrA sequence shared approximately 88% nucleotide identity with the htrA sequences from L. monocytogenes strains EGD, F2365, and 10403S. In addition, the annotation of the genomes of the three sequenced Listeria strains suggested that the translational start site was likely to be the second Met codon of the htrA ORF and was preceded by a ribosomal binding site. The annotated genomic data also predicted a transcriptional terminator for the htrA gene, suggesting that htrA is not transcribed as part of a multicistronic operon (Fig. 3) . After tentative identification of the gene interrupted by Tn917 as the L. monocytogenes htrA gene, the translated amino acid sequence was aligned with homologous HtrA sequences from other organisms (Fig. 4) . The proteins selected for comparison were limited to homologs that have been functionally shown to play a role in stress response (17, 27, 32, 38, 46) . The L. monocytogenes HtrA amino acid sequence is 34 to 37% identical to the HtrA homologs from the gram-positive organisms Bacillus subtilis (27) , Lactococcus lactis (32), and Lactobacillus helveticus (38) . When compared to the HtrA proteins from the gram-negative organisms E. coli (21) and Yersinia enterocolitica (46) , the L. monocytogenes HtrA protein was found to share approximately 17 to 22% identity at the amino acid level. The area of highest similarity (38 to 54% identity) occurs in the region surrounding the catalytic H-D-S domain and the C-terminal PDZ protein-protein interaction motif (28) .
Creation of the htrA deletion strain LDW1 and complementation with htrA on a plasmid. Our analysis of available Listeria genome sequence data indicated that the transposon insertion in strain OSM1 was unlikely to have polar effects on genes downstream of the interrupted htrA gene. To confirm this analysis, we sought to demonstrate that the salt-sensitive phenotype of strain OSM1 could be complemented by a plasmid bearing the wild-type htrA gene. Complementation experiments can be difficult with strains carrying the Tn917 transposon due to the large number of antibiotic resistances coded for by the transposon; therefore, the use of an htrA deletion mutant could simplify complementation experiments. To this end, an htrA deletion strain, designated LDW1, was created by deleting about 1 kb from the central region of the chromosomal htrA gene of strain 10403S. The nucleotides deleted from htrA corresponded to amino acids 8 through 348 of the translated HtrA protein. Strain LDW1 was then tested for sensitivity to NaCl (Fig. 5a) . Growth of the wild-type strain 10403S and growth of strain LDW1 were similar at 30°C in BHI broth with no added salt. However, when the strains were grown at 30°C in BHI plus 5% NaCl, the growth rate of strain LDW1 was approximately 4% of the growth rate observed for strain 10403S, demonstrating that strain LDW1 is sensitive to high levels of NaCl, as was observed with strain OSM1. The salt-sensitive phenotype was complemented by introducing plasmid pLW1, bearing a copy of the htrA gene, into strain LDW1 to create strain LDW5. To serve as controls, strains LDW2 (10403S plus pCON-1), LDW3 (10403S plus pLW1), and LDW4 (LDW1 plus pCON-1) were also created. The growth of these four strains at 30°C in BHI plus chloramphenicol plus 5% NaCl was compared. The results (Fig. 5b) demonstrated that very little growth occurred for strain LDW4, revealing the sensitivity of strain LDW4 to increased levels of NaCl. In addition, after 24 h of growth, strain LDW4 was unable to reach the optical density observed for strains LDW2 and LDW3. In contrast, the complemented strain LDW5 grew at a rate similar to that of the control strain LDW3 and reached a similar optical density. These results indicated that the htrA gene in trans could rescue the saltsensitive phenotype caused by the deletion of the htrA gene on the chromosome. Interestingly, the growth rate of the control strain LDW3 was approximately 30% of the growth rate observed with strain LDW2, suggesting that the htrA gene in trans may have some deleterious effects on the growth of the wildtype strain.
Stress response phenotype of strain LDW1. L. monocytogenes strain LDW1 was tested for its response to elevated temperatures, reduced temperatures, and oxidative stress in order to determine the effect that htrA has in allowing L. monocytogenes to overcome these stressful conditions. To test for a temperature-sensitive phenotype, strains LDW1 and 10403S were comparatively characterized for growth at 30, 37, 42, and 44°C in BHI. When incubated at 30, 37, or 42°C, the wild-type and mutant strains grew to similar levels (data not shown). However, when strains were incubated at 44°C (Fig.  6) , the growth rate of strain LDW1 was 33% of the growth rate observed for strain 10403S, indicating that deletion of the htrA gene resulted in sensitivity to high temperatures. To test for the ability of strain LDW1 to withstand a heat shock stress, strains LDW1 and 10403S were grown at 30°C to approximately mid-log phase and then shifted to the heat shock temperature of 52°C. The survival of the cultures following the temperature shift was measured by plating on BHI agar. After 
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3 h at 52°C, strain LDW1 suffered an approximately 2.8-logunit decrease in CFU per milliliter compared to a 0.4-log-unit decrease for the wild-type strain 10403S (Fig. 7) . By 4 h postheat shock, strain LDW1 had suffered a 2.8-log-unit decrease in CFU per milliliter compared to a 1.5-log-unit decrease for strain 10403S. These results indicate that the L. monocytogenes htrA gene is involved in the heat shock response in this organism. Since L. monocytogenes is well known for its ability to adapt and grow at refrigeration temperatures, the htrA strain was also tested for its ability to grow at 4°C. Strains LDW1 and 10403S were incubated in BHI broth at 4°C for 6 days, and the growth of the cultures was recorded. The results of this experiment indicated that strain LDW1 was able to grow at a rate similar to that of the wild-type strain (data not shown), suggesting that the htrA gene in L. monocytogenes is not involved in adaptation to cold temperatures.
To test the oxidative stress response, the sensitivities of strains LDW1 and 10403S to H 2 O 2 were compared. The strains were each cultured as a lawn of growth on BHI agar plates, and H 2 O 2 -saturated disks were placed over the lawns. Plates were incubated at 30 and 37°C, and zones of inhibition surrounding the H 2 O 2 -saturated disks were measured. When the plates were incubated at 30°C, the parent strain 10403S and strain LDW1 displayed similar zones of inhibition, suggesting that there was no significant difference in their responses to H 2 O 2 -FIG. 5. Growth of strain LDW1 in BHI with 5% added NaCl and complementation of the salt-sensitive phenotype with plasmid pLW1. Growth curves represent the average optical density from two or more individual growth assays. Error bars, standard deviations among the growth assays. (a) Growth of strains 10403S and LDW1 at 30°C in BHI broth with or without 5% added NaCl. Symbols: s, 10403S in BHI; ᮀ, LDW1 in BHI; OE, 10403S in BHI plus 5% added NaCl; ‚, LDW1 in BHI plus 5% added NaCl. (b) Complementation of the NaCl-sensitive phenotype with a plasmid carrying the wild-type htrA gene. All strains were grown at 30°C in BHI broth plus chloramphenicol and 5% added NaCl. Symbols: s, LDW2 (10403S plus pCON-1); ᮀ, LDW4 (LDW1 plus pCON-1); OE, LDW3 (10403S plus pLW1); ‚, LDW5 (LDW1 plus pLW1).
FIG. 6. Effect of elevated temperature on growth of L. monocytogenes strains 10403S and LDW1. Cultures were grown in BHI with aeration at 44°C, and optical densities at 600 nm were measured hourly. Growth curves represent the average optical density from two or more individual growth assays. Error bars, standard deviations among the growth assays. Symbols: s, 10403S; ᮀ, LDW1. These results suggest that a minor temperature stress renders strain LDW1 more sensitive to oxidative stress than the wildtype strain.
DISCUSSION
L. monocytogenes is a continuing problem for the food industry because the organism has the potential to survive and grow in high-osmolarity and low-temperature environments, conditions commonly found in ready-to-eat foods and relied on to control food-borne pathogens. It is important to understand the mechanisms of L. monocytogenes survival in stressful environments, because this pathogen continues to be a significant public health concern. In the present study, a L. monocytogenes mutant with increased sensitivity to NaCl was obtained by random Tn917 mutagenesis of a serotype 1/2a strain. This mutant strain, called OSM1, demonstrated a lower growth rate than the parent strain when cells were grown in the presence of NaCl.
After sequencing of the gene interrupted by Tn917 in strain OSM1, a BLAST search revealed that the gene encodes a protein homologous to the HtrA protein in E. coli. This protein has been identified as a serine protease in E. coli, and its involvement in responses to salt, temperature, and oxidative stress has been well documented (17, 21, 22, 37) . In addition, HtrA homologs have a demonstrated role in various stress responses in Yersinia spp. (45, 46) , B. subtilis (27) , L. lactis (32) , and L. helveticus (38) , indicating the widespread role of serine proteases in stress responses. The primary role of serine proteases is the degradation of improperly folded proteins that can accumulate under stressful conditions and interfere with normal cell functioning (28) . In addition, the E. coli HtrA protein acts as a chaperone at nonstressful temperatures, assisting in the folding and transport of proteins (42) . With further studies it may become evident that HtrA homologs in other organisms serve similar "housekeeping" roles under nonstressful conditions. Elements of L. monocytogenes HtrA shared with other homologs are the catalytic H-D-S residues located in the central region of the proteins and the C-terminal PDZ motifs (28) . The H-D-S domain has catalytic activity at sequences likely to be concealed in properly folded proteins, preferably following a valine or isoleucine residue (18) . As indicated by studies with the E. coli HtrA protein (36, 41) , the PDZ motifs are required for oligomerization into a hexameric ring structure and appear to be involved in substrate recognition. Since the E. coli HtrA protein is periplasmic and the amino acid sequences of the gram-positive homologs indicate membrane localizations (28) , there may be significant differences in oligomerization and substrate recognition among the homologs. An additional indication of differences is the presence of two PDZ motifs in the gram-negative homologs, while the gram-positive HtrA proteins possess only one PDZ domain (28) . The presence of the second PDZ domain in the gram-negative homologs accounts for some of the differences in amino acid sequence noted between the L. monocytogenes HtrA and its gram-negative counterparts.
Glycine betaine is an effective osmoprotectant for L. monocytogenes and has been suggested to increase the hydration of protein surfaces so as to prevent misfolding (16) . The growth assays with strain OSM1 indicated that glycine betaine could not completely suppress the phenotype of the L. monocytogenes htrA mutant. Since HtrA has a proposed role in the degradation of misfolded proteins, glycine betaine might be expected to reduce or eliminate the need for HtrA function. Glycine betaine was able to reduce, but not completely ameliorate, the deleterious effects associated with NaCl stress in the mutant. This was likely due to the activity of glycine betaine in reducing the degree of protein misfolding. We hypothesize that in the mutant strain, glycine betaine is unable to adequately prevent protein misfolding and hence these proteins accumulate. At this point, a functional HtrA protein is required to degrade the abnormal proteins and maintain the growth rate originally observed in the absence of the stress. Another possibility is that products of HtrA degradation may serve as signals that induce stress adaptations. Under these conditions, glycine betaine may be unable to fully compensate for the loss of a global stress response in the htrA mutant. The cooperative roles of HtrA, glycine betaine, and other factors may become more evident as additional L. monocytogenes stress response genes and proteins are identified.
The demonstrated stress response role of the L. monocytogenes htrA gene has food safety implications. Due to its involvement in stress adaptation, HtrA may be important for L. monocytogenes survival in foods, particularly foods containing added salt such as ready-to-eat meat products, which have been associated with outbreaks of listeriosis. The concentrations of NaCl used in this study correlate with salt concentrations found in frankfurters (19) , suggesting that an L. monocytogenes htrA mutant may have a reduced capability to survive in some food environments. The widespread role that the HtrA protein plays in stress responses may also point to the importance of this protein for L. monocytogenes survival under conditions found in the environment, in food-processing plants, and dur- FIG. 7 . Effect of heat shock on survival of L. monocytogenes strains 10403S and LDW1. Cultures were grown at 30°C in BHI to mid-log phase and then shifted to 52°C. Samples were taken during the 4 h of heat shock and plated on BHI agar to enumerate survivors. Inactivation data were obtained from four individual cultures for each strain, and each experiment was run in duplicate. Error bars, standard deviations. Symbols: s, 10403S; ᮀ, LDW1.
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L. MONOCYTOGENES htrA IS A STRESS RESPONSE GENE 1941 ing distribution to the consumer. Since stressful conditions have been shown to induce htrA expression (4, 27, 38) , it is noteworthy that several pathogenic bacteria have a demonstrated dependence on HtrA for virulence (8, 13, 45 If L. monocytogenes HtrA is shown to be required for virulence or survivability in foods, it will be interesting to study the expression and proteolytic activity of HtrA in strains isolated at points along the food continuum. Perhaps the L. monocytogenes serotype 4b, 1/2a, and 1/2b strains, which account for the majority of listeriosis outbreaks, have an increased HtrA activity that contributes to the survival of these pathogens in foods. A second potential area of study is the use of HtrA inhibitors to reduce the survivability of L. monocytogenes in foods. Serine protease inhibitors, such as diisopropyl fluorophosphate and phenylmethylsulfonyl fluoride (22, 23) , prevent proteolytic cleavage by binding to the catalytic site of the enzyme. Analysis of the chemical structures of known inhibitors may suggest additives currently approved for foods that may be useful for controlling L. monocytogenes.
